Bovine anaplasmosis caused by the intraerythrocytic rickettsial pathogen Anaplasma marginale is endemic in South Africa. Anaplasma marginale subspecies centrale also infects cattle; however, it causes a milder form of anaplasmosis and is used as a live vaccine against A. marginale. There has been less interest in the epidemiology of A. marginale subsp. centrale, and, as a result, there are few reports detecting natural infections of this organism. When detected in cattle, it is often assumed that it is due to vaccination, and in most cases, it is reported as coinfection with A. marginale without characterization of the strain. A total of 380 blood samples from wild ruminant species and cattle collected from biobanks, national parks, and other regions of South Africa were used in duplex real-time PCR assays to simultaneously detect A. marginale and A. marginale subsp. centrale. PCR results indicated high occurrence of A. marginale subsp. centrale infections, ranging from 25 to 100% in national parks. Samples positive for A. marginale subsp. centrale were further characterized using the msp1aS gene, a homolog of msp1␣ of A. mar-ginale, which contains repeats at the 5= ends that are useful for genotyping strains. A total of 47 Msp1aS repeats were identified, which corresponded to 32 A. marginale subsp. centrale genotypes detected in cattle, buffalo, and wildebeest. RepeatAnalyzer was used to examine strain diversity. Our results demonstrate a diversity of A. marginale subsp. centrale strains from cattle and wildlife hosts from South Africa and indicate the utility of msp1aS as a genotypic marker for A. marginale subsp. centrale strain diversity.
Bovine anaplasmosis (gallsickness) is a tick-borne disease caused by the intraerythrocytic rickettsial pathogen Anaplasma marginale (1) . A. marginale is globally prevalent and results in anemia, with mortality rates of up to 30% (2) . Anaplasma marginale subspecies centrale is a less virulent subspecies detected by Sir Arnold Theiler, who recognized its potential as a vaccine against anaplasmosis; 100 years later this live vaccine is still in use in South Africa, Israel, South America, and Australia (3, 4) . The strain that is used as a vaccine originated from Theiler's original isolation and was exported at various times to other countries where it has been propagated in the laboratory; the strain known as the "Israel strain" or the "vaccine strain" was sent to Israel in the 1950s and was used to generate the complete genome sequence for A. marginale subsp. centrale in 2010 (5) . A. marginale subsp. centrale does not provide complete protection against A. marginale infection but does protect against severe anaplasmosis (6, 7) .
A. marginale infects a wide range of ruminants including buffalo (Bubalus bubalis and Syncerus caffer), wildebeest (Connochaetes gnou and Connochaetes taurinus), American bison (Bison bison), white-tailed deer (Odocoileus virginianus), mule deer (Odocoileus hemionus hemionus), black-tailed deer (Odocoileus hemionus columbianus), and Rocky Mountain elk (Cervus elaphus nelsoni) (8) (9) (10) (11) . Cattle are naturally susceptible to A. marginale (4) . There has not been much interest in the epidemiology of A. marginale subsp. centrale, with few reports detecting natural infections of this organism; most often, when detected in cattle it is assumed that it is due to vaccination and is reported as coinfection with A. marginale without characterization of the strain (12) . Reported A. marginale subsp. centrale single infections were detected by the reverse line blot (RLB) hybridization assay in Italy without characterization of the strain. More recently, the first known case of bovine anaplasmosis caused by A. marginale subsp. centrale in Europe was reported (13) . While this study described genetic heterogeneity of A. marginale subsp. centrale strains from different geographic areas in Italy, it is not clear how these are related to the vaccine strain.
For A. marginale, the Msp1a protein/gene (msp1␣) has been used as a genotypic marker to differentiate strains (14) . Msp1a is encoded by the single-copy gene, msp1␣ and differs among strains due to variable sequence and numbers of an 84/87-bp repeat sequence (28 or 29 amino acids) located near the amino terminus of the protein (14) . A number of studies have examined Msp1a repeats in the United States, South America, Australia, the Philippines, Europe, Israel, China, and Mexico, resulting in identification of more than 200 repeats (14) (15) (16) . In South Africa, two studies have been conducted to genetically characterize strains using msp1␣ (17, 18) , revealing that the repeat structure is common between South African, American, and European strains of A. marginale; in fact, some of the repeat sequences that were detected were identical to ones that were detected in the United States. Not surprisingly, there were also new repeat sequences de-tected that are, thus far, unique to South Africa.
A. marginale subsp. centrale was thought not to have a homolog of msp1␣; however, complete genome sequencing of the Israel vaccine strain revealed that there is a gene that resides in a position syntenic to A. marginale msp1␣ (5) . This gene was named msp1aS (S for syntenic; a gene flanked by the same set of genes in two genomes) and has 31 to 36% amino acid sequence identity de-pending on the A. marginale strain compared. Importantly, there are structural similarities, including repeats near the amino termi-nus and two sets of transmembrane domains near the carboxy terminus that indicate that these proteins are likely homologs (Fig. 1) . The repeats in A. marginale subsp. centrale strain Israel Msp1aS are longer (47 amino acids in length) than the A. marginale Msp1a repeats, and there is no sequence identity between the repeats in the two organisms. The vaccine strain has four repeats with an msp1aS genotype of Ac1 Ac1 Ac1 Ac2.
In the present study, we have used a duplex quantitative realtime PCR (qPCR) assay to screen for the presence of A. marginale subsp. centrale and A. marginale in vaccinated and unvaccinated cattle and wildlife, indicating that these infections are common and often occur as mixed infections. Samples that tested positive using this screen were then further analyzed for the msp1aS genotype, demonstrating that the vaccine strain genotype is prevalent in cattle herds that practice vaccination, while other more divergent genotypes are present in wildlife species.
MATERIALS AND METHODS
Blood collection and DNA extraction. A total of 380 blood samples from wild ruminant species including African buffalo (Syncerus caffer, n ϭ 97); waterbuck (Kobus ellipsiprymnus, n ϭ 14); eland (Taurotragus oryx, n ϭ 23); black wildebeest (Connochaetes gnou, n ϭ 54); and blue wildebeest (Connochaetes taurinus, n ϭ 23), together with 86 cattle samples, were obtained from the Wildlife Biological Resource Center (WBRC) and Biobank South Africa (SA) under the auspices of the National Zoological Gardens of South Africa (NZG) and from the South African National Parks (SANParks) Biobank. The remaining buffalo blood samples (n ϭ 41) were made available to us by Dave Cooper from Hluhluwe-iMfolozi Park. Additionally, 42 blood samples from vaccinated cattle were obtained from two commercial farms in Bergville, KwaZulu-Natal, South Africa (Table 1 ). Standard techniques were followed in collecting blood samples for laboratory examination. Genomic DNA was extracted using the QIAmp DNA extraction kit (Qiagen, Hilden, Germany), according to the manufacturer's instructions. DNA was eluted in 100 l of elution buffer and stored at Ϫ20°C.
The study was approved by the Animal Ethics Committee of the University of Pretoria, South Africa (V085-14), and permission to use wildlife samples was given by SANParks Biobank under reference number Duplex real-time PCR assay. Quantitative real-time PCR (qPCR) for simultaneous detection and quantification of A. marginale and A. marginale subsp. centrale DNA was performed as described previously (19) with some modifications for use on a LightCycler real-time machine (28) (Roche Diagnostics, Mannheim, Germany). The qPCR was performed in a final reaction volume of 20 l, containing 2 l of DNA template (100 to 200 ng of DNA), 12.5 l of FastStart DNA Master hybridization mix (Roche Diagnostics, Mannheim, Germany), 600 nmol/liter of A. marginale-specific primers AM-For (5= TTG GCA AGG CAG CAG CTT 3=) and AM-Rev (5=-TTC CGC GAG CAT GTG CAT-3=), 900 nmol/liter of A. marginale subsp. centrale-specific primers AC-For (5=-CTA TAC ACG CTT GCA TCT C-3=) and AC-Rev (5=-CGC TTT ATG ATG TTG ATG C-3=), and 200 nmol/liter of probes AM-Pb (5=-6FAM-TCG GTC TTA ACA TCT CCA GGC TTT CAT-BHQ1-3=) and AC-Pb (5=-LC610-ATC ATC ATT CTT CCC CTT TAC CTC GT-BHQ2-3=). Thermal cycling conditions were as follows: UDG activation at 40°C for 10 min, preincubation at 95°C for 10 min, 40 cycles of denaturation at 95°C for 1 min and annealing-extension at 60°C for 1 min, and a final cooling step at 40°C for 30 s. The results were analyzed using LightCycler software ver- The analytical specificity of the assay was determined by analyzing DNA from closely related species such as Anaplasma sp. Omatjenne and A. phagocytophilum (20) . The efficiency of the assay was determined from 10-fold serial dilutions of plasmid DNA from clones 9410c (A. marginale subsp. centrale) and F48a (A. marginale).
Analysis of the msp1aS gene. A. marginale subsp. centrale-positive samples which had low C q values as detected by qPCR were selected for analysis of the msp1aS gene. Primers MSP1asFZ (5=-CAA GGT CAA GAG TCA GCA TCA TCA GAT G-3=) and MSP1asRZ (5=-CTC CGC GCA CAA TAC TTT CAA CCT CC-3=) were designed based on the A. marginale subsp. centrale genome sequence (GenBank accession CP001759) to target tandem repeats within the msp1aS gene. PCR was performed in a final reaction volume of 25 l containing Phusion Flash high-fidelity PCR master mix (Thermo Fisher Scientific), 10 pM of each primer, and genomic DNA. Thermal cycling was carried out in a Veriti thermal cycler (Thermo Fisher Scientific) and consisted of an initial denaturation at 98°C for 10 s, followed by 30 cycles of denaturation at 98°C for 1 s, annealing at 67°C for 30 s and extension at 72°C for 15 s, and a final extension at 72°C for 1 min. DNA extracted from the A. marginale subsp. centrale vaccine obtained from OBP (Pretoria, South Africa) was used as a positive control.
Purified PCR amplicons were cloned into the pJET vector (Thermo Fisher Scientific). Recombinant plasmids were isolated using a High Pure plasmid isolation kit (Roche Diagnostics, Mannheim, Germany) and sequenced using 1 l of 2 M M13 primers with an ABI BigDye v3.1 kit on an ABI 3500xL genetic analyzer at Inqaba Biotec (Pretoria, South Africa).
Sequences were assembled, edited, and translated to amino acids using CLC Main Workbench 7.0.3 (Qiagen, Denmark). Tandem repeats were identified using Tandem Repeats Finder (https://tandem.bu.edu/trf/trf .html) (21) . The repeats were named Acn, to distinguish them from A. marginale Msp1a repeats. Truncated repeats were designated with a T at the end of the name. Repeats were curated and analyzed using RepeatAnalyzer (29) . Repeat sequences were aligned using the AlignX module of Vector NTI (Invitrogen).
Diversity measures. RepeatAnalyzer calculates four genetic diversity metrics, each of which captures the diversity of repeats in a geographic region in a different way. Broadly, they fall into two groups, those that measure the amount of different repeats and those that measure the distribution of those repeats. Within each of these categories there is a global and a local formulation. The local version of a metric calculates the score independently on each genotype and averages these together to get the final score, while the global version looks at all genotypes together. Specifically, the GDM1-L score can be interpreted as the percentage of unique repeats in each genotype in the region, while the GDM1-G score is the percentage of unique repeats across all genotypes in the region. The GDM2-L score can be interpreted as the amount of variation (measured as standard deviation) in the number of occurrences of the repeats in a genotype, while the GDM2-G score is the amount of variation in the number of occurrences of all the repeats in all genotypes in the region. A high GDM1 score means that there are more unique repeats, with 0 as the minimum (when all repeats are the same) and 1 being the maximum (when each repeat is unique). A high GDM2 score means that the repeats are distributed more unevenly, with a minimum of 0 (when all repeats occur the same number of times) and values ranging up to but not including 0.5 as the unevenness of repeat distribution increases. Interestingly, single infections of both species predominated in sets of animals from specific parks (see eland and waterbuck in Fig.  2 ), indicating that environment plays a role in exposure to the two pathogens. Characterization of MSP1aS. Because the sequenced Israel vaccine strain was removed from South Africa more than 60 years ago, we obtained a batch of the vaccine currently produced at OBP in Pretoria, South Africa, and sequenced the msp1aS gene. The sequence of the OBP vaccine strain Msp1aS tandem repeat from 2014 was identical to that of the Israel strain (5) with four tandem repeats: Ac1 Ac1 Ac1 Ac2.
RESULTS

Occurrence of
Based on the duplex qPCR results, A. marginale subsp. centrale-positive samples (n ϭ 25) were selected for further analysis. Msp1aS primers amplified at least one single strong product from all samples tested. Some samples exhibited multiple bands which demonstrated mixed infection (Fig. 3) . The msp1aS PCR products were cloned and sequenced, and sequence analyses confirmed the presence of tandem repeats similar to those of the vaccine strain ( Table 2 ). The first five columns of Table 2 would combine to provide the full strain and sample designation as suggested previously (29), i.e., Ac11 Ac8_ZA, EC_2007_CNP_986; however, we have used shorter names for some of the genotypes for ease of discussion. The strains tested in this study yielded one to five repeat units as predicted from the PCR product sizes; however, there were strains that did not correspond with their PCR products (data not shown). Altogether, 47 different Msp1aS tandem repeats were identified. The repeats ranged from 45 to 51 amino acids with seven truncated repeats ranging from 31 to 33 amino acids (Fig.  4) . The most common repeat length was 46 amino acids (Fig. 5A) . The Ac1 and Ac2 tandem repeats, contained in the vaccine strain, were detected in cattle, buffalo, and wildebeest.
The vaccine strain was detected in cattle from Bergville which were previously vaccinated with A. marginale subsp. centrale vaccine. We tested six cattle from Bergville farm 2 which yielded 15 msp1aS sequences. The vaccine genotype was detected in five of the six cattle (Table 2) . Interestingly, two "vaccine variant" genotypes were detected that were closely related to the vaccine strain genotype and differed by only a single amino acid (VV1 and VV3). Another vaccine variant genotype, VV2 (Ac1 Ac1 Ac1 Ac2 Ac2), that had one additional Ac2 repeat but was otherwise identical to the vaccine strain genotype was noted. Two additional genotypes that were less obviously related to the vaccine strain were detected. Three cattle were tested on Bergville farm 1, resulting in 10 msp1aS sequences. Interestingly, the vaccine genotype was only detected in one of these animals despite the fact that these animals were reported as being vaccinated, while two animals contained the related genotype VV3. Seven additional genotypes were detected on farm 1 that were not closely related to the vaccine genotype.
Interestingly, the vaccine genotype and one of the vaccine variant genotypes were also detected in unvaccinated animals, including buffalo (HIP_6, AEP_1003, and KNP_586) and cattle (WC_108). Genotype Ac33 Ac3 Ac6 was detected in a buffalo from Hluhluwe National Park and in a cow from Bergville farm 1. Several truncated repeats were detected (i.e., Ac36T), and although these predominated in the buffalo samples, a genotype containing a truncated repeat was also detected on Bergville farm 1.
RepeatAnalyzer is a program we developed recently to house, curate, and provide metrics for repeat sequences used to characterize bacteria (29) . In the present study, we applied it to the analysis of msp1aS repeats. The most common genotype structure we detected contained four repeats, with genotypes having from one to five repeats (Fig. 5B) . Most repeats occurred only once with two repeats being detected in six different genotypes (Ac1 and Ac6) (Fig. 5C ). The Ac1 repeat is not only detected in the vaccine strain but also in several vaccine variant genotypes that were detected on Bergville farm 2. The Ac6 repeat was prevalent in genotypes detected in wildlife and, interestingly, was also detected in genotypes found on Bergville farm 1. In general, we found that the average number of amino acid changes (edit distance) between any two A. marginale subsp. centrale repeats was high (13.7) and was normally distributed, with 97.8% of data falling within 2 standard deviations. There was a mean of 0.9 and 1.4 repeats at an edit distance of 1 and 2, respectively, from any given repeat. Despite the high level of variation between repeats, we found five repeats within an edit distance of two from Ac1 (Ac2, Ac26, Ac12, Ac20, and Ac48) and seven repeats within two edits of Ac2 (Ac1, Ac14, Ac28, Ac15, Ac16, Ac22, and Ac26).
Diversity analysis and repeat distribution. Using RepeatAnalyzer, we see that South Africa has a large number of unique A. marginale subsp. centrale repeats ( Table 3 , GDM1-L), while having an intermediate amount of repeat diversity in general (Table 3 , GDM1-G). There is a higher diversity of repeats among the samples isolated from buffalo hosts than among those from cattle hosts, although this would be expected as many of the cattle were vaccinated and would be expected to exhibit the same repeat structure as the vaccine strain. GDM2 measures how uniformly the repeat occurrences in the strains in a region (local) or the region as a whole (global) are distributed. For both GDM2 metrics, the South African values are low, indicating that the repeats are dispersed; i.e., there is not a preponderance of a single repeat type in individual strains or for the country as a whole. The GDM2 values are higher for cattle than for buffalo-derived samples, reflecting more uniformity in the repeats detected in samples from cattle than from buffalo. When examining whether repeats and strains occur in multiple provinces, we have msp1aS data from seven of South Africa's nine provinces (Fig. 6) . The repeats and strains are mapped according to GPS coordinates, so multiple locations within a province can be visualized and distinguished. Several repeats were detected in multiple locations (Fig. 6A) . Repeats Ac1 and Ac2 were found in Mpumalanga, Gauteng, KwaZulu-Natal, Eastern Cape, and Western Cape provinces. The vaccine strain is detected in cattle from KwaZulu-Natal, the Eastern Cape, and the Western Cape (Fig. 6B) , which is interesting as we tested vaccinated animals only in KwaZulu-Natal. Gauteng also shows positive for the vaccine strain, but this is due to the purchased vaccine itself.
DISCUSSION
We tested animals from several different parks and farms and showed that A. marginale subsp. centrale infection is prevalent in black and blue wildebeest, eland, buffalo, waterbuck, and cattle. A. marginale subsp. centrale has rarely been examined on its own, as typically researchers/ranchers are interested in A. marginale infection, and the competitive enzyme-linked immunosorbent assay (cELISA) often used for detection does not discriminate between A. marginale and A. marginale subsp. centrale infection. One study using the cELISA showed high seroprevalence of Anaplasma spp. in wildlife from Kenya with eland and blue wildebeest testing at 100% and 96%, respectively. With a reverse line blot assay, it was shown that Anaplasma spp. are prevalent in buffalo in northern Botswana with A. marginale subsp. centrale being the most preva- lent (22) . This suggests that wildlife species are reservoirs of A. marginale subsp. centrale. We examined positive samples for msp1aS genotype, a genotyping scheme that has not previously been employed for A. marginale subsp. centrale. We identified 47 Msp1aS repeats which corresponded to 32 A. marginale subsp. centrale genotypes detected in cattle, buffalo, and wildebeest. The most common A. marginale subsp. centrale genotype among cattle samples was the vaccine genotype. This is not surprising as both farms that we sampled previously vaccinated with A. marginale subsp. centrale vaccine purchased from OBP. It is worth noting that cattle from farm 1 graze together with goats, sheep, and reedbuck, which might explain the diversity of A. marginale subsp. centrale strains detected on farm 1. We speculate that there is circulation of A. marginale subsp. centrale strains among different hosts, which led to the variety of genotypes detected on this farm. Cattle from farm 2 are confined within a grazing area with no interaction with other ruminants. The vaccine genotype was detected in all but one of the animals tested on this farm. In addition to the vaccine genotype, several closely related genotypes were detected, which suggests that the vaccine genotype is changing under selection pressure. This is interesting as we do not see these types of changes in the msp1␣ genotype in A. marginale-infected cattle. All repeats detected on farm 2 had an edit distance of two or less from one of the vaccine strain repeats, indicating that these repeats were closely related to the vaccine strain repeats. However, we cannot be sure that the vaccine strain is changing rather than there being an introduction of these new, related genotypes.
The unvaccinated cattle samples from Western Cape and Free State had different A. marginale subsp. centrale genotypes, while unvaccinated cattle samples from KwaZulu-Natal all had the same A. marginale subsp. centrale genotype. The vaccine strain was de- were aligned using the AlignX module of Vector NTI, and groups of identical amino acids are highlighted on a black background. Ac1 and Ac2, the repeats present in the vaccine strain, are indicated with an asterisk. tected in one of the unvaccinated cattle in the Western Cape. The A. marginale subsp. centrale genotypes obtained from wild ruminants were diverse, demonstrating geographic segregation of national parks. The repeat Ac8 was common in the msp1aS genotypes found in buffalo, even though the buffalo were sourced from parks distributed around South Africa. Ac8 has an edit distance of nine to both repeats Ac1 and Ac2, indicating that it is not closely related to the vaccine strain repeats.
While we have presented diversity metrics broken down by province, we think that the sample size is too small for this to be really meaningful in most cases, i.e., in Mpumalanga and Gauteng, there is an n ϭ 1. More importantly, these metrics show us that for South Africa, as a whole, there is a high degree of repeat diversity within genotypes (Table 3 , GDM1-L) and a moderate degree of novel genotypes across the country (Table 3, and change separate from the vaccine strain. As more data are collected, it will be interesting to see if these metrics shift and how these metrics compare with those collected in other countries. While the A. marginale subsp. centrale vaccine strain was thought for a long time not to be transmitted by most ticks, it was shown that, in fact, it colonized the tick well but was not secreted into the tick saliva in sufficient quantities for robust transmission (23, 24) . Dramatically increasing tick numbers in transmission experiments overcame the transmission barrier (25) . Is the reduced ability of the A. marginale subsp. centrale vaccine strain to be tick transmitted due to long serial needle passage through cattle? Or is there, perhaps, a specific vector-pathogen adaptation? There is a report of apparently efficient tick transmission of A. marginale subsp. centrale vaccine strain from Rhipicephalus simus ticks (26) . Although R. simus is a proven vector in laboratory conditions, this tick is not found on cattle in large numbers, and the immature stages do not normally infest cattle (27) . It would appear that the strains that we have detected circulating in wild animals today are maintained in nature via a natural tick-transmission cycle; however, this remains a speculation at this stage, as we have not tested ticks or performed transmission studies due to the complexities of working with the ecosystem of infections present in South Africa. If, in fact, A. marginale subsp. centrale is being spread through natural transmission to cattle, it is likely mitigating some of the disease burden of anaplasmosis caused by A. marginale.
In conclusion, this paper presents a novel genetic test based on msp1aS to discriminate strains of A. marginale subsp. centrale and shows that the vaccine strain is found widely distributed across South Africa and in animals that do not have a history of vaccination. Further, we present metrics indicating a high degree of Msp1aS repeat diversity in South Africa. Our results indicate the significance of wildlife as reservoir hosts for A. marginale subsp. centrale.
